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Notch1The F-box protein Fbw7 (also known as Fbxw7, hCdc4 and Sel-10) functions as a substrate recognition
component of a SCF-type E3 ubiquitin ligase. SCF(Fbw7) facilitates polyubiquitination and subsequent
degradation of various proteins such as Notch, cyclin E, c-Myc and c-Jun. Fbw7 is highly expressed in the
nervous system and controls neural stem cell differentiation and apoptosis via Notch and c-Jun during
embryonic development (Hoeck et al., 2010). Fbw7 deletion in the neural lineage is perinatal lethal and thus
prohibits studying the role of Fbw7 in the adult nervous system. fbw7 mRNA is highly expressed in the
postnatal brain and to gain insights into the function of Fbw7 in postnatal neurogenesis we analysed Fbw7
function in the cerebellum. We generated conditional Fbw7-knockout mice (fbw7ΔCb) by inactivating Fbw7
speciﬁcally in the cerebellar anlage. This resulted in decreased cerebellar size, reduced Purkinje cell number
and defects in axonal arborisation. Moreover, Fbw7-deﬁcient cerebella showed supranumeral ﬁssures and
aberrant progenitor cell migration. Protein levels of the Fbw7 substrates Notch1 and N-terminally
phosphorylated c-Jun were upregulated in fbw7ΔCb mice. Concomitant deletion of c-Jun, and also the junAA
knock-in mutation which speciﬁcally abrogates c-Jun N-terminal phosphorylation, rescued Purkinje cell
numbers and arborisation in the fbw7ΔCb background. Taken together these data demonstrate that Fbw7 is
essential during cerebellar development, and identify N-terminally phosphorylated c-Jun as an important
substrate of SCF(Fbw7) during neurogenesis., Cancer Research UK, London
A 3LY, UK. Fax: +44 207 269
ens).
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Fbw7 belongs to the family of SCF (Skip1, Cul1, F-box)-E3 ligases,
which facilitate polyubiquitination and subsequent degradation of
various proteins (Kipreos and Pagano, 2000; Winston et al., 1999)).
Fbw7 recognizes its substrates via a phospho-degron that is present in
proto-oncoproteins such as c-Myc, N-Myc and c-Jun, but also in Notch,
cyclin E1 and SREBP1 (Koepp et al., 2001; Minella and Clurman, 2005;
Nateri et al., 2004; Sundqvist et al., 2005). Additional Fbw7 substrates
such as MCL1 and KLF5 have also been recently identiﬁed (Liu et al.,
2010; Wertz et al., 2011; Zhao et al., 2010) and many of the Fbw7
substrates are implicated in proliferation and oncogenesis but also in
brain development and neurogenesis.
The AP-1 transcription factor c-Jun, is a key regulator of neuronal
apoptosis and is activatedbyN-terminal phosphorylation at Serines63/73
and Threonines91/93 residues. This phosphorylation is essential for its
function as a mediator of apoptosis as junAAmice, where the Serine63/73
residues are mutated to alanines, are resistant to kainate induced
excitotoxicity and neurons display a signiﬁcant delay in apoptosis upontrophic factor deprivation (Behrens et al., 1999; Besirli et al., 2005). c-Jun
is also upregulated in regenerating neurons after injury and deletion of
c-Jun in the nervous system results in reduced neuronal death and
defects in axonal regeneration (Herdegen et al., 1991; Raivich et al.,
2004). We have previously demonstrated that siRNA mediated
knockdown of Fbw7 in cerebellar granule cells (CGCs) increases cell
death in a c-Jun dependent manner and we recently found that Fbw7
inactivation triggers neural progenitor cell apoptosis and is required for
neural stem cell differentiation (Hoeck et al., 2010; Nateri et al., 2004).
These ﬁndings are in agreement with a role for Fbw7-mediated
ubiquitination in neurogenesis and are corroborated by publicly
available data from in situ hybridisation mapping (http://
developingmouse.brain-map.org/data/Fbxw7.html). These data show
that fbw7mRNA levels in the brain are low prior to E13.5 but increase
with ongoing differentiation and neurogenesis. In the E18.5 cerebellar
anlage and in the P4 cerebellum fbw7 seems to be very highly and
speciﬁcally expressed in the granule cell (GC) layer. In the adult
particularly high fbw7 levels are detected in the cerebral cortex,
hippocampus and the cerebellum.
The cerebellum integrates cortical commands with sensory
inputs and thereby coordinates motor activities. In the adult the
cerebellar cortex has three distinct layers: the molecular layer
(ML), Purkinje cell (PC) layer and a GC layer. In contrast to the
neocortex where neuronal migration and differentiation take place
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foliation as well as synapse formation occur in the two ﬁrst
postnatal weeks in mice. Prior to birth the ventricular zone
derived PCs are located below a layer of GC precursors (GCPs),
which form the external granule layer (EGL) on the pial surface of
the cerebellar primordium. Only around E18.5 the cardinal ﬁssures
emerge and subsequently the cerebellar lobules, originating from
so-called “anchoring centres”, are formed (Sudarov and Joyner,
2007). During this foliation process GCPs exit the cell cycle at the
inner EGL and migrate inwards along glia to form the internal GC
layer (IGL) whilst the PCs align in a monolayer and start to
develop their extensive dendritic network (Kapfhammer, 2004;
Roussel and Hatten, 2011; Sillitoe and Joyner, 2007).
The maturation of different cerebellar neuronal populations such
as GCs and PCs is closely linked via different pathways such as the
Sonic Hedgehog (Shh) or the Wnt signalling pathway (Hatten and
Roussel, 2011; Roussel and Hatten, 2011). Fissure formation is directly
dependent on the levels of Shh which acts as a mitogen on GCP and
which is secreted by PCs during cerebellar development (Corrales et
al., 2004; Lewis et al., 2004). Increased Shh signaling, relayed via the
Gli transcription factors, causes a more complex cerebellar foliation
whilst loss of Shh reduces the degree of cerebellar foliation and overall
cerebellar size (Corrales et al., 2006). Shh also causes upregulation of
the Fbw7 substrate N-myc which is required for GCP proliferation and
is implicated in the development of tumours of the nervous system
(Hatton et al., 2006; Kenney et al., 2003; Knoepﬂer and Kenney, 2006;
Minella and Clurman, 2005; Otto et al., 2009; Wallace, 1999). Notch,
another Fbw7 substrate, has also an important role in brain
development and modulates the onset of neurogenesis (Lutolf et al.,
2005). In the cerebellum it has been shown that loss of Notch1 causes
a reduced number of neurons (Lutolf et al., 2002).
Our previous ﬁndings that Fbw7 regulates neural stem cell
differentiation and that c-Jun is a mediator of neuronal apoptosis
(Hoeck et al., 2010), together with the detection of high levels of fbw7
message in cerebella, as well as the implication of other Fbw7
substrates in cerebellar development, prompted us to investigate the
role of Fbw7 during cerebellar development.
We observed that Fbw7 deletion in the cerebellum (fbw7ΔCb)
resulted in reduced PC density and a smaller overall cerebellar vermis.
fbw7ΔCb cerebella showed additional ﬁssures and the Fbw7 substrates
Notch1 and phosphorylated c-Jun were upregulated. The PC defects
could be partially rescued upon concomitant deletion of c-Jun and in
the junAA background, suggesting that Fbw7 mediated regulation of
phosphorylated c-Jun protein levels is important in cerebellar
morphogenesis in vivo.
Results
Generation of fbw7ΔCb mice
The F-box is the interaction interface used by Fbw7 to interact with
Skp-1, the scaffold component of the SCF complex, and thus the F-box
is an essential domain required for Fbw7 function (Hao et al., 2007).
Exon 5 encodes the major part of the F-box domain and is common to
all Fbw7 isoforms. To allow conditional inactivation of Fbw7 function,
exon 5 of fbw7 was ﬂanked with two loxP sites by homologous
recombination in ES cells. The successful targeting event was
conﬁrmed by southern blot analysis of ES cell genomic DNA. We
used a probe, which is located outside the 3′ homology arm, and
recognizes a 5.8 kB band in the wild-type fbw7 locus and a 2.6 kb band
in the targeted locus after a StuI digest (Figs. 1A, B).
Animals carrying the ﬂoxed fbw7 locus (fbw7f) were bred to
homozygocity and fbw7f/f mice were indistinguishable from their wild-
type littermates, suggesting that the unrecombined fbw7f allele is fully
functional (data not shown). fbw7f/f cerebella were therefore used as
wild-type controls in our experiments. Conversely, germ-line deletionof the fbw7f allele by crossing to PGK-Cre mice yielded the fbw7Δ
allele, and homozygous fbw7Δ/Δ embryos mimicked the embryonic
lethal phenotype of the conventional fbw7 knockout mice (data not
shown) (Mao et al., 2004; Tetzlaff et al., 2004).
To investigate the role of Fbw7 in cerebellar development, we
inactivated fbw7 in a region-speciﬁc fashion in the developing
cerebellum. fbw7f mice were intercrossed with engrailed 2 Cre (En2-
Cre) mice (line 22). This transgenic line expresses Cre in a narrow
dorsal domain in the midbrain–hindbrain junction starting around
embryonic day 9.5 (Zinyk et al., 1998). By crossing with a ROSA26-
STOP-LacZ reporter line we conﬁrmed that En2-Cremediates efﬁcient
recombination in the medial region of the adult cerebellum, whereas
the lateral sides of the cerebellum remain largely unrecombined
(Fig. 1C).
To assess the efﬁciency of Cre-mediated fbw7f deletion in fbw7f/f;
En2-Cre+(fbw7ΔCb) mice, we used a PCR-based assay that ampliﬁes
both the fbw7fandthe fbw7Δalleles.Whereasonly theunrecombined
ﬂoxed allele was detected in lateral part (L) of the cerebellum (top
band, “ﬂox”), in the medial part (M) a shorter band indicative of
successful Cre-mediated recombination of fbw7f was detected
(Fig. 1D). Sequencingof the fbw7Δallele conﬁrmed thatCremediated
deletion of exon 5 causes a frameshift mutation, thus giving rise to
a premature stop codon and preventing the production of
functional Fbw7 protein (Fig. 1E). Thus deletion of exon 5 results
in functional inactivation of fbw7f. Real-time-PCR using primers
located in exon 5 demonstrated that fbw7 mRNA levels were
reduced by around 75% in fbw7ΔCb samples (Fig. 1F) and we
observed a comparable reduction in Fbw7 protein levels by
Western Blotting (Fig. 1G).
Fbw7 deletion causes cerebellar foliation defects and reduces PC density
fbw7ΔCb mice were born with Mendelian frequency and were
indistinguishable from their wild-type littermates in terms of
behaviour and motor coordination (data not shown). However, the
cerebellar vermis in fbw7ΔCb animals was smaller, whereas the lateral
sides of the cerebellum, in agreement with the absence of deletion by
En2-Cre, appeared normal (Fig. 2A, arrows). Quantiﬁcation using
sagittal H&E stained sections of fbw7ΔCb cerebella conﬁrmed the
reduction in cerebellar vermis area (Fig. 2F), and also revealed the
presence of supranumeral ﬁssures in the central lobe of the cerebellar
vermis (Fig. 2A, right panel, arrowheads).Whilst the overall cerebellar
area was signiﬁcantly reduced (control: 8.4×106±3.5×105μm2 vs.
fbw7ΔCb: 6.99×106±3.8×105 μm2), the layering was not impaired
(Figs. 2B–F). The ML as well as NeuN positive GC layer were present
within the additional ﬁssures and separated by a calbindin-positive PC
layer in fbw7ΔCb animals (Figs. 2B and C). Although present at the
correct location, PCs were smaller and irregular in shape (Figs. 2C,
S2B), and quantiﬁcation of the PC density, expressed as number of PCs
per length of PC layer, revealed that their abundance was signiﬁcantly
lower in fbw7ΔCb cerebella compared to control animals (control:
0.026±0.0013 vs.fbw7ΔCb: 0.020±0.0008) (Fig. 2G) whilst the
density of granule cells was comparable (Fig. S1A).
Altered ﬁlament expression in fbw7ΔCb cerebella
We also assessed the expression of the intermediate ﬁlament
proteins for neurons, Neuroﬁlament200 (NF200) and glia, glial
ﬁbrillary acidic protein (GFAP). NF200 positive Basket cell axons
within the ML of fbw7ΔCb animals appeared less organised and the
density around the PC soma was increased (Fig. 2D). In control
animals the NF200 stain extends through two thirds of the ML
whilst in fbw7ΔCb cerebella it is present throughout the depth of
the whole ML. Furthermore, fbw7ΔCb animals displayed a strong
immunoreactivity for GFAP (Fig. 2E), which could be either a
Fig. 1. Generation and characterisation of fbw7f/f and fbw7ΔCbmice. A. Targeting strategy to obtain fbw7f/fmice. Two loxP sites (black triangles) ﬂanking exon 5 were inserted into the
fbw7 locus. The targeting construct integrates into the genome by homologous recombination (dotted crosses) resulting in mice harbouring the targeted fbw7fneo locus. A neomycin
cassette which acts as a positive selection marker (grey) is ﬂanked by Frt sites (shaded rectangles) and excised upon Flp mediated recombination (dashed line), resulting in the
ﬂoxed fbw7 locus. A DT-α cassette served as the negative selectionmarker. Subsequent tissue speciﬁc Cremediated recombination (dotted line) results in deletion of the ﬂoxed fbw7
allele fbw7Δ. Arrows indicate primer sites for PCR genotyping. The bold line indicates the southern blot probe used in B. B. Southern blot of targeted fbw7fneo ES cells. Genomic ES cell
DNA was digested with StuI and hybridised with a probe depicted in A, which binds outside of the original targeting construct. The probe detects a 2.6 kb band upon targeting and a
5.8 kB band in the wild-type fbw7 locus. C. Deletion under the En2-Cre promoter is limited to the cerebellar vermis. Coronal cryosection of a En2-Cre:ptenﬂox/+:p53ﬂox/+:
ROSA26lacZﬂox/+mouse stained for β-galactosidase to visualize areas affected by En2-Cre-mediated deletion. Deletion is restricted to the cerebellar vermis. D. Recombination PCR for
Fbw7. PCR using primers binding in exon 2 and 7 ampliﬁes the ﬂoxed intact Fbw7 cDNA in the lateral cerebellum (L) (“ﬂoxed”) and the deleted allele (Δ) only in the medial sample
(M). E. Sequencing of cDNA from fbw7ΔCb cerebella. The ampliﬁed Δ cDNA band shown in Dwas excised and sequenced. Trace and transition from exon 4 to 6 and the stop codon are
indicated. F. Reduction of fbw7 mRNA in fbw7ΔCb cerebella. Medial samples of the cerebellum were taken from 2-month-old animals and q-RT PCRs were performed for fbw7 and
normalized to gapdh. G. Western blot analysis of Fbw7 protein levels in fbw7f/f and fbw7ΔCb cerebellar samples. * non speciﬁc bands.
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of the fbw7ΔCb phenotype (see Discussion).
Taken together these results demonstrate that Fbw7 deletion in
the cerebellar vermis affects non-principal ﬁssure formation and
reduces the density of PCs.Reduced number of PCs and enhanced GFAP expression in P7 fbw7ΔCb
cerebella
We observed a signiﬁcant reduction in PC in adult mice (Fig. 2G).
To assess whether PCs of fbw7ΔCb animals degenerate postnatally or
Fig. 2. Reduced cerebellar size and PCs density in adult fbw7ΔCb mice. A. Photographs (left) and H&E stainings (right) of control and fbw7ΔCb cerebella. Arrows indicate the reduced
cerebellar vermis size. B. to E. Histological analysis of cerebellar phenotype inmid-sagittal sections of control and fbw7ΔCb animals stainedwith B. NeuN, C. Calbindin, D. Neuroﬁlament200
and E. and GFAP. F. Quantiﬁcation of cerebellar area (p: 0.0463, student's t-test). G. Quantiﬁcation of PC density in 7-month-old animals (p: 0.0196, student's t-test).
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cerebella from different developmental stages. We chose E18, P2 and
P7, which cover the time when the cerebellum is expanding and its
ﬁssures are formed (Sillitoe and Joyner, 2007).
Also P7 fbw7ΔCb cerebella were smaller and the PC numbers
were reduced (control: 514±41.9 vs.fbw7ΔCb: 377.3±41.3)
(Figs. 3A and B) and again we observed a strong GFAP
immunoreactivity in P7 fbw7ΔCb cerebella (Fig. 3C, right) However,
NeuN expression in differentiating GCs in control and fbw7ΔCb
animals in the inner EGL and the future IGL was comparable
(Fig. 3C middle panel). Using BrdU labelling for 2 h to assess
proliferating GCPs in the EGL gave no indication of defects in the
number of GCPs proliferating and the EGL thickness was also not
affected by Fbw7 deletion (Figs. 3D, E). Thus our data show that
the number of PCs is already reduced and GFAP immunoreactivity
enhanced in P7 fbw7ΔCb mice whilst GCs appear normal. Thisprompted us to analyse earlier stages in cerebellar development
such as P2 and E18.
Premature migration of GCPs in fbw7ΔCb E18.5 cerebella
H&E stained sagittal sections of E18.5 fbw7ΔCb cerebella showed
that the prenatal morphology of the fbw7ΔCb cerebellum before the
onset of ﬁssure formation is comparable with control animals in
terms of overall appearance and the cerebellum is only slightly
smaller when compared to control cerebella (Fig. 3F). We analysed
BrdU-positive cells in the E18.5 cerebella 2 h post BrdU injection.
Control animals displayed a dense population of BrdU-positive GCPs
in the EGL and only few GCPs were migrating towards the IGL at
E18.5. This is in agreement with previous studies which demon-
strated that GCs clonally expand in the EGL around E18 whilst
differentiation and inward migration to form the IGL which
Fig. 3. The smaller cerebellum of fbw7ΔCbmice develops between E18.5 and P7. A. Cerebella of P7 control and fbw7ΔCb embryos were sacriﬁced and stained for H&E. B. Quantiﬁcation
of cerebellar area, (p=0.0103, student's t-test) and PC number in P7 cerebella (p=0.1143, student's t-test) n=4 for each genotype. C. P7midsagittal sections of control and fbw7ΔCb
cerebella stained for Calbindin (left), NeuN (middle) and GFAP (right). Top panel: overview images, Bottom two panels: 40× magniﬁcation images of 2 areas per cerebellum, which
are outlined in the top panel by either black or red rectangles. D. BrdU staining for proliferating GCPs in P7 control and fbw7ΔCb cerebella after 2 h incubation. E. Quantiﬁcation of EGL
thickness in P7 control and (n=4 for each genotype). F. Cerebella of E18.5 control and fbw7ΔCb embryos were sacriﬁced and stained for H&E (left), BrdU (middle) and Calbindin
(right). Bottom panel: high magniﬁcation of indicated areas in the top panel.
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place after birth (Hatten et al., 1997). In fbw7ΔCb animals
additionally to the BrdU+ EGL layer, which is of similar thickness
to control animals, more BrdU+ GCPs were detected outside of theEGL suggesting a premature migration of granule cells (Fig. 3F,
middle). The calbindin stain was more diffuse in fbw7ΔCb cerebella
compared to control cerebella (Fig. 3F, right) suggesting that PCs are
not aligned to the degree that is observed in control cerebella.
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present at P7 but not prior to the start of ﬁssure formation at E18.5, we
analysed cerebella at P2. P2 fbw7ΔCb cerebellar already displayed a
signiﬁcant reduction in size (control: 9.7×105±3.3×104, fbw7ΔCb:
5.9×105±4.0×104) (Figs. 4A and S1B, C). We compared ﬁssure
depths between control and mutant cerebella and conﬁrmed that the
ﬁssures separating the cerebellar lobes are less developed in P2
fbw7ΔCb cerebella (Fig. S1D) Furthermore the number of PCs is already
reduced at P2 (control: 440±9.2 vs. fbw7ΔCb: 281.3±18.66) (Fig. S1E)Fig. 4. Enhanced immunoreactivity for Fbw7 substrates phospho-c-Jun and Notch-1 in P2 fbw
for A. H&E, B. Calbindin, C. Ki67 D. phospho-Histone H3 (D′. Quantiﬁcation of pH3 positive cel
panels are magniﬁcation of outlined regions in the cerebellar overview images on the left.Taken together our data show that PC numbers are reduced in
fbw7ΔCb cerebella between P2, P7 and in the adult (see also Fig. S1F),
and that the reduction in cerebellar size is apparent from P2 onwards.
Cerebellar deletion of Fbw7 results in accumulation of phosphorylated c-
Jun and NICD1 in P2 cerebella
At P2 the layering of PCs appeared largely normal in fbw7ΔCb
cerebella, although some ectopic cells were detectable (Fig. 4B). We7ΔCb cerebella. A. to H. Midsagittal cerebellar sections of P2 brains. Sections are stained
ls in P2 EGL), E. active caspase-3, F. c-Jun G. phospho-c-JunSer73 and H. Notch1-ICD. Right
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in the EGL appeared reduced (Fig. 4C) and quantiﬁcation of another
proliferation marker, phosphorylated histone H3 (pH3) conﬁrmed
this notion (Figs. 4D and D′). However, cell death was minimal at this
stage and we did not observe a quantitative difference between
controls and fbw7ΔCb mutant cerebella (Fig. 4E and data not shown).
c-Jun positive cells were found in proximity to the future PC layer,
but immunohistochemistry (IHC) for c-Jun was comparable between
control and fbw7ΔCb cerebella (Fig. 4F). Conversely, in agreement with
our previous ﬁnding that SCF(Fbw7) speciﬁcally ubiquitylates N-
terminally phosphorylated c-Jun (Hoeck et al., 2010; Nateri et al.,
2004), IHC staining for c-Jun phosphorylated at serine 73 (phospho-c-
Jun) was signiﬁcantly elevated fbw7ΔCb P2 cerebellum (Fig. 4G). In
addition, we also observed increased Notch1 ICD proteins levels
particularly in the EGL of fbw7ΔCb P2 brains (Fig. 4H).
We and others have previously described that deletion of Fbw7 in
the nervous system leads to an accumulation of c-Jun and the Notch-
ICD1 which affects neural cell fate decision and survival in mice
(Hoeck et al., 2010; Matsumoto et al., 2011). The role of Notch during
nervous system development has been studied extensively over the
past years (Louvi and Artavanis-Tsakonas, 2006) and therefore we
decided to investigate the role of the Fbw7 substrate N-terminally
phosphorylated c-Jun in the development of the cerebellar phenotype
of fbw7ΔCb animals.
The loss of PCs in fbw7ΔCb animals is dependent on N-terminally
phosphorylated c-Jun
c-Jun controls a plethora of biological processes including cellular
proliferation, viability and migration (Raivich and Behrens, 2006; Sun
et al., 2007; Xu et al., 2001). As we observed an increase in the levels of
phosphorylated c-Jun, we next assessed whether c-Jun was causally
involved in the cerebellar defects in fbw7ΔCb animals. To this end we
generated mice where both Fbw7 and c-Jun were concomitantly
deleted in the cerebellar vermis (fbw7ΔCb:c-junΔCb double mutant
mice). These mice were born with Mendelian frequency and did not
show a behavioural phenotype (data not shown). Deletion of c-Jun
alone using the En2-Cre promoter did not affect cerebellar ﬁssure
formation nor did it alter the cerebellar size, PC density or GFAP
expression (Figs. S2 and 5C and D, columns 4) Although the additional
cerebellar ﬁssures are still present in fbw7ΔCb:c-junΔCb animals
(Fig. 5A), the cerebellar size defect in fbw7ΔCb animals was partially
rescued upon concomitant c-Jun deletion (Fig. 5C, column 3).
Interestingly, the PC density in fbw7ΔCb:c-junΔCb cerebella was fully
restored (Fig. 5D, column 3).
Furthermore, we investigated whether the observed phenotype
was dependent on c-Jun N-terminal phosphorylation by breeding
fbw7ΔCb animals to junAAmice, which have the JNK phosphor-acceptor
serines 63 and 73 mutated to alanines (Behrens et al., 1999). In
contrast to c-Jun deletion expression of the non-phosphorylatable
junAA allele did not rescue the cerebellar size, but also fully restored
the PC density (Figs. 5B, C and D column 5). The morphological
analysis of PCs at P2 demonstrated that in control animals PCs had
assumed their position as a layer at the interface between the future
ML and GC layer and started to extend their dendritic arbours towards
the pial surface. In fbw7ΔCb mutants, however, PCs are less organised
and are more widely spread and the arborisation defects observed in
fbw7ΔCb cerebella was partially rescued upon concomitant c-Jun
deletion (Figs. 5E, S2). Taken together our data demonstrate that the
reduction of cerebellar area in fbw7ΔCb animals is independent of c-
Jun whilst phospho-c-Jun is important for PC development and likely
to be the mediator of the observed arborisation phenotype.
To investigate whether the altered Neuroﬁlament expression that
we have observed in fbw7ΔCb animals (Fig. 2D) was also c-Jun
dependent, fbw7ΔCb:c-junΔCb double knockout cerebella were ana-
lysed by IHC. We found that normal Neuroﬁlament expression wasrestored upon concomitant deletion of c-Jun (Fig. 6A). To ascertain
whether the altered Neuroﬁlament expression is caused by changes in
cells that reside in the ML, such as stellate and basket cells, we
quantiﬁed those cells using parvalbumin stained sections (Fig. 6B).
Since we could not detect any signiﬁcant difference in terms of cell
numbers in the ML (Fig. 6C) nor in ML thickness (Fig. 6D) in fbw7ΔCb
as well as in fbw7ΔCb:c-junΔCb animals, the aberrant Neuroﬁlament
stain is unlikely to be caused by alterations in the ML structure, but
rather suggests a c-Jun dependent defect in basket cell arborisation.
Recent studies demonstrated that c-Jun is an integrator of calcium
signalling and acts as determinant of neurotransmitter choice in
Xenopus (Marek et al., 2010).
Interestingly, we observed a reduction in the immunoﬂuores-
cence-signal for the synaptic markers Vglut1 and Vglut2 staining in
the ML of fbw7ΔCb as well as fbw7ΔCb:c-junΔCb animals (Fig. 6E)
(Fremeau et al., 2004). Vglut1 is present in parallel ﬁbres, which arise
from GCs. Climbing ﬁbre synapses, which originate from the inferior
olive, are Vglut2 positive. However, further investigations and high-
resolution analysis will be needed to determine whether the reduced
staining is caused by the fact that fewer synapses are formed or
whether the neurotransmitter expression is altered in those animals.
Discussion
We have investigated the role of Fbw7 in the nervous system using
a mouse line where Fbw7 deletion is restricted to cells residing in the
cerebellar vermis. We observed a smaller cerebellum from P2
onwards into adulthood in fbw7ΔCb mice and PCs appear to be
strongly affected by Fbw7 deletion as their density within the PC layer
is reduced whilst the overall cerebellar layering is not affected. To
analyse to what extent c-Jun is a substrate of Fbw7 in cerebellar
development, we characterised the phenotype of fbw7ΔCb:c-junΔCb
cerebella. We observed a complex phenotype in fbw7ΔCb cerebella
that is comprised of (i) c-Jun-independent elements, such as
additional ﬁssures, (ii) partial c-Jun dependent defects, such as
defects in cerebellar size and PC morphology, and we observed (iii)
that part of the fbw7ΔCb phenotype is completely c-Jun/phospho-c-Jun
dependent (PC number, Neuroﬁlament expression).
Other Fbw7 substrates might contribute to the fbw7ΔCb phenotype
The additional cerebellar ﬁssures in fbw7ΔCb but also in fbw7ΔCb:c-
junΔCb animals suggest that possibly the accumulation of other Fbw7
substratesmediate this aspect of the phenotype. Among the pathways
important during cerebellar development are the Shh pathway as well
as the Notch and N-myc signaling pathways. Shh is secreted by PCs
and acts on GCPs via Gli transcription factors and is a major regulator
of ﬁssure formation. Transgenic Shh expression increases cerebellar
foliation whilst abrogation of Shh signaling in Gli-En1ckomice results
in smaller cerebella due to early depletion of GCPs, which is
characterised by a thinner EGL from P0 onwards (Corrales et al.,
2006). Although we observed delays in ﬁssure formation at P2 and a
smaller cerebellum, we did not detect thickness changes in the EGL at
P7 or P2 that would suggest the depletion of GCPs. Furthermore the
expression of the neuronal marker NeuN by postmitoic GCs at the
inner EGL in P7 mice and the density of GCs in adult fbw7ΔCb cerebella
is comparable to the control GC layer (Figs. 3, S1A). This suggests that
altered Shh signalling throughout the cerebellum during develop-
ment might not be the reason for the additional ﬁssure that is only
observed in the central lobule of fbw7ΔCb and fbw7ΔCbc-junΔCb
animals. If we assume that Shh is secreted normally by fbw7ΔCb PCs
it could still induce N-myc expression and proliferation in GCPs
(Hatton et al., 2006; Knoepﬂer et al., 2002; Oliver et al., 2003;Wallace,
1999). With N-myc being an Fbw7 substrate and a crucial mediator of
Shh-signalling in the cerebellum, elevated p-N-myc levels due to lack
of its degradation by SCF(Fbw7) may account for the additional
Fig. 5. Concomitant deletion of c-jun partially rescues the fbw7ΔCb phenotype. A. H&E (top two rows) and Calbindin (bottom row) staining of midsagittal section of 2-month-old
animals with indicated genotypes. Rectangles highlight areas of high magniﬁcation shown in the bottom two rows. B. H&E (top two rows) and Calbindin (bottom) staining of control
and fbw7ΔCb:c-junAA/ΔCb animals. Rectangles highlight areas of high magniﬁcation shown in the bottom two rows. C. Quantiﬁcation of cerebellar areas on 2-month-old animals of
indicated genotypes (*: pb0.05, one-way-anova). D. Quantiﬁcation of PC densities on 2-month-old animals of indicated genotypes (*: pb0.05, one-way-anova). E. Calbindin stain on
P7 cerebella. PC arborisation is partially rescued upon concomitant deletion of c-Jun (right panel).
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data demonstrating that N-myc phosphorylation and subsequent
degradation are required for cell cycle exit of GCPs (Kenney et al.,
2004). Interestingly medulloblastomas that are caused by highly
elevated N-myc levels in cerebellum also occur in the central lobe
where we observed additional ﬁssure formation (Otto et al., 2009;
Thomas et al., 2009).
We also detected an enhanced staining for GFAP in fbw7-deleted
cerebella, which is often interpreted as a reaction to neuronal
dysfunction and degeneration (Ridet et al., 1997). However, it is also
possible that more glia cells are generated. The increase in Notch1-ICD
levels (Fig. 4) together with enhanced GFAP immunoreactivity (Figs. 2,3) does agreewith previousﬁndings that Notch controls neuron glia cell
fate decisions (Lundkvist and Lendahl, 2001; Wang and Barres, 2000)
reviewed in (Louvi and Artavanis-Tsakonas, 2006). Notch1 and Notch3
expression is high in Bergman glia (Tanaka and Marunouchi, 2003).
Moreover, it has been demonstrated that injection of Notch1-ICD
expressing retroviruses results in infected cells developing into
Bergman glia in the cerebellum (Machold et al., 2007). It is therefore
conceivable that in fbw7ΔCb animals enhanced Notch1-ICD levels cause
the increase in Bergman glia expressing GFAP. It is also noteworthy that
the increase in GFAP positive glia cells is also in agreement with
observations from two studies that linked Fbw7 suppression with
glioma development (Gu et al., 2007; Hagedorn et al., 2007).
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PCs are the sole output neurons of the cerebellum and receive their
input from climbing ﬁbres and from parallel ﬁbres of GCs. Parallel
ﬁbres and their dendritic arborisation are reduced in fbw7ΔCb animals.
There are multiple possibilities why this might occur. One possibility
is that fbw7ΔCb PCs display intrinsic defects, which impair their
capability to develop their dendritic tree. Alternatively the GCs,
although morphologically normal (Figs.1, 3, S1) might not be able to
provide the required environment for PC development, and could thus
account for defects in the dendritogenesis. It has been demonstrated
that during the ﬁrst postnatal days the ﬁrst input that reaches PCs are
climbing ﬁbres whilst parallel ﬁbres (which originate from GCs) are
just starting to develop (Kapfhammer, 2004). This synaptic input from
the ﬁbres is absolutely required for the dentritogenesis of PCs
(Baptista et al., 1994). In the naturally occurring recessive PC
degeneration mutant (“pcd mouse”), PCs begin to degenerate during
postnatal development (around P20) and then degenerate over a two
to three week period due to a mutation in the Nna1 gene (Fernandez-
Gonzalez et al., 2002; Landis and Mullen, 1978). The pcdmice display
defects in synaptogenesis between the parallel ﬁbres and PCs and PC
degeneration is followed by GC degeneration, reviewed in Wang and
Morgan(2007). These interdependent aspects of PC and GC develop-
ment are also emphasized by the observations that isolated PCs
develop dendritic arbours upon co-culture with CGCs. However, in
their absence, or in co-culture with cells that provide only
inappropriate input, PC arborisation is impaired and not well reﬁned
(Baptista et al., 1994). Thus the arborisation phenotype in fbw7ΔCb
animals could occur due to lack of appropriate input and failure to
establish synaptic circuits with parallel ﬁbres. We have observed that
proliferating GCPs migrate prematurely (Fig. 3F) and together with
the altered PC arborisation this could indicate that the function of GCs
in fbw7ΔCb animals might be altered or impaired.
Phospho-c-Jun is required for PC development and maturation
Irrespective of whether the arborisation defects are PC intrinsic or
extrinsic, the hypothesis that Fbw7 deletion and subsequent elevated
p-c-Jun levels impair synaptogenesis, is supported by a recent study
which identiﬁes c-Jun as an essential integrator of calcium signalling
and a regulator of neurotransmitter speciﬁcation in neurons (Marek et
al., 2010). Additionally an earlier study demonstrated that p-cJun
levels decline upon synapse formation between sensory and motor
neurons (Sung et al., 2006). Changes in PC or GC function also explain
why concomitant c-jun deletion and expression of a non-phosphor-
ylatable junAA allele alleviate the PC arborisation defects despite not
being able to fully rescue the observed phenotype (Figs. 5 and 6).
Interestingly we observed that in contrast to the in vitro system
of GC cultures Fbw7 deletion in vivo does not cause an increase in
apoptosis of GCs although the cerebellar immunoreactivity for p-c-
Jun is elevated (Fig. 4G) (Nateri et al., 2004). Together with data
from c-Jun transgenic animals, which do not display a phenotype in
vivo whilst in cerebellar slices PC death is elevated (Carulli et al.,
2002), this emphasizes that the effects of p-c-Jun mediated cell
death in vivo and in vitro differ considerably. As p-c-Jun is not only
involved in neuronal apoptosis but also regeneration after injury
(Raivich et al., 2004; Raivich and Behrens, 2006) it is possible that
the elevated phospho-c-Jun levels allow for the tolerance of
inappropriate synaptic input in the complex context of the Fbw7
cerebellar knockout.
Fbw7 deletion in the cerebellum results in a c-Jun dependent
persistent reduction in the PC density, which is maintained from P2
through to adulthood. By using ROSA26 reporter mice (Zinyk et al.,
1998) where En2-cre-mediated recombination results in removal of
a ﬂoxed stop cassette and transcription of a β-galactosidase gene,
we and others have demonstrated that PCs are affected by En2-Cremediated recombination (Fig. 1) and (Lutolf et al., 2002; Marino et
al., 2003). Althoughwe did not observe an increase in apoptotic cells
at the time points analysed (data not shown), we cannot exclude the
possibility that Fbw7 deletion leads to an increase in PC progenitor
death already in the ventricular zone during the very early phase of
En2-Cre mediated deletion.
Taken together, our study demonstrates that Fbw7 uses different
substrates to control distinct important functions during cerebellar
development. We have identiﬁed a novel function for c-Jun in PC
development and arborisation, but further work is required to
elucidate the molecular mechanism underlying the regulation of
cerebellar size by Fbw7.Material and methods
Generation of conditional knockout mice
Targeting construct design
Exon 5 of the fbw7 locus was ﬂanked by two loxP sites and two
homology arms were inserted spanning exons 4 to 6. A neomycin
cassette ﬂanked by Frt sites was used as a positive selection marker.
The neomycin cassette was excised after the successful targeting by
crossing mice harbouring the targeted allele with Flp-transgenic
animals. A Diphteria-toxin-α (DT-α) cassette, located outside of the
homology arm served as negative selection marker.Southern blotting
ES cell genomic DNAwas digested with StuI. The presence of a StuI
site before exon 4 and after exon 6 in the wild-type genomic locus
leads to a 5735 bp fragment which is recognized by a probe that binds
outside the homology arm just 5′ to the StuI site after exon 6. In the
targeted fbw7 locus the same probe detects a 2560 bp fragment due to
an introduced StuI site within the neomycin cassette.Reverse transcription
Tissue samples were extracted and immediately snap frozen in
liquid nitrogen. RNA was prepared using the Tri-reagent (Sigma) and
cDNA synthesised using the SuperscriptIII Kit (Invitrogen). The c-
DNAs harbouring the ﬂoxed or deleted fbw7 locus were ampliﬁed
using primers binding in exon 2: 5′-ccatgttcagcaacaccaac-3′ and
exon7: 5′-cggttgccaacaaaactgtag-3′.Sequencing
The ampliﬁed cDNA bands were excised and sequenced with the
same primers used for ampliﬁcation using the ABI dye terminator kit
(Perkin Elmer).Immunohistochemistry
Brains were extracted and ﬁxed overnight in 10% NBF. The
formalin ﬁxed parafﬁn embedded sections were de-waxed, dehy-
drated, blocked and incubated with primary antibodies: calbindin,
NeuN, Vglut1, Vglut2, (all Millipore); Parvalbumin (Swant); activated
Notch-1 (Abcam); p-c-JunS73 (Cell Signaling). Sections were incubat-
ed with secondary antibodies, developed in DAB solution and
counterstained with a light haematoxylin. For ﬂuorescent stainings
Alexa-568 and Alexa-488 (Invitrogen) conjugated secondary anti-
bodies were used and nuclei were stained with DAPI. Pictures were
taken using an Axiovert upright microscope (Zeiss) with 2.5×, 5×,
10×, 20×, 40× or 100× objectives. For the image acquisition and
quantiﬁcation of PCs and area measurements the axiovision software
version 4.0 (Zeiss) was used.
Fig. 6. Partial rescue of PC morphology and Neuroﬁlament expression upon concomitant c-Jun deletion. A. Coronal sections of Neuroﬁlament200 stained cerebella in low (top) and
high (bottom) magniﬁcation of animals of indicated genotypes. B. Parvalbumin stain on adult cerebella. C. Quantiﬁcation of Parvalbumin positive cells per μm2 of Molecular Layer. D.
Quantiﬁcation of molecular layer thickness. E. Top panel: Vglut1 (green) positive parallel ﬁbre terminals connect onto calbindin stained PCs (red): white arrowheads. Bottom panel:
Vglut2 positive (green) climbing ﬁbre terminals on Calbindin stained PCs (red). Nuclei are stained with with 4′-6-diamidino-2-phenylindole Dapi (blue).
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Cerebella of 4 mutants vs. 4 control (fbw7f/f) 2-month-old mice
were extracted and divided into medial and lateral sets and pooled
according to their genotypes. Western blotting was performed as
previously described (Nateri et al., 2004). Membranes were probed
for Fbw7 (Abcam) and β-actin (Sigma) as a loading control.Real-time PCR analysis
Total mRNA was isolated from dissected cerebella using the
RNeasy Mini-kit according to the manufacturer's instructions (Qia-
gen). cDNA was synthesised using the SuperScript® III First-Strand
Synthesis System Kit (Invitrogen). Quantitative real-time PCR was
performed using the Platinum® Quantitative PCR SuperMix-UDG w/
211A. Jandke et al. / Developmental Biology 358 (2011) 201–212ROX kit (Invitrogen) on the ABI7900HT (Applied Bioscience), and the
data were analysed using the SDS 2.3 software. Results were
normalized to those obtained with β-actin and represented as relative
fold over control mice. The following primer sets were used for the
qRT-PCR analysis of Fbw7 and β-actin:
Fbw7-forward 5′-TTCATTCCTGGAACCCAAAGA-3′
Fbw7-reverse 5′TCCTCAGCCAAAATTCTCCAGTAC-3′
β-Actin-forward 5′-ATGCTCCCCGGGCTGTAT-3′
β-Actin-reverse 5′-CATAGGAGTCCTTCTGACCCATTC-3′
Statistical analysis
PC analysis. PCs were counted manually in midsaggital sections
and the length of the PC layer was measured using the outline-
perimeter tool of the Axiovision software (Zeiss). The PC density was
determined by dividing the number of PCs by the length of the PC
layer. The cerebellar areawasmeasured using the outline perimeter of
the Axiovision software (Zeiss).
A minimum of 3 animals per genotype was used for each analysis.
All data are represented as mean±SEM and were analysed for
signiﬁcance by either students t-test or one-way-anova.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.07.030.
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